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Abstract.

In the course of this work a novel microscope was constructed that is able to obtain

a temperature map on the micro and nanoscale. The principle is demonstrated by

presenting thermal maps of heated gold micro and nano structures. The temperature

measurement is based on a fluorescence polarization anisotropy measurement, and

can produce a thermal image at a fast frame rate, which allows to obtain a thermal

video. Being an all optical based method, it allows for high resolution and robust

measurements in very short times. The limitations and noise contributors to the system

were analyzed and presented. This technique opens new perspectives in medicine,

nanoelectronics, nanofluidics and other fields in which control of temperature of a few

degrees at the nanoscale is crucial.
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1. Introduction

The ability to obtain a temperature map at the nanoscale is becoming more important

in many varied fields of nanotechnology and science. For example in the field of biology,

it is known that intracellular events are often strongly dependant on temperature

changes. Therefore obtaining a temperature map of an individual cell could unravel

some fundamental biological processes, and lead to new insight regarding cell behavior,

especially if the thermal imaging could be done on fast, sub second, time scales. Also,

with the new and widespread concept of photothermal medicine the need for thermal

imaging arises. In this field nano particles are attached to tumors and then heated to a

temperature which causes cell death. To obtain a high degree of control over the heating

process, a temperature map of the heated cell is needed. In the field of Nanofluidics,

where temperature gradients are used to induce fluid motion [8], the ability to map

the temperature gradient is fundamental. For another example, in the field of micro

and nano electronics, it is predicted that one of the main effects which will impend on

Moore’s law, will be the heating of the microprocessor. For this reason obtaining a

temperature map of the microprocessor could be of pivotal importance [7]. Nevertheless

only recently have scientists started to invest more efforts into building an accurate

and reliable tool that can measure temperature at the nanoscale. There are various



Temperature Imaging around Plasmonic Structures 2

techniques of obtaining such a map but despite many efforts, none of the proposed

methods method has prevailed and answered to all of the following requirements: fast,

accurate, reliable and high resolution. The method presented in this work, potentially

has all of the advantages needed to fulfill these requirements.

The project was conducted in the group of Prof. R. Quidant, head of the Plasmon Nano-

Optics (PNO) group at ICFO. The main focus of this group is to carry out research

in the field of plasmonics. Plasmonics primarily deals with the manipulation of light

at the nanoscale based on the properties of propagating and localized surface plasmons

(the collective oscillations of the electron gas in a metal or semiconductor). The group

has been a primary player in the pioneering of the field of thermal Plasmonics, a field

which investigates the heat generated by nano particles. Specifically, Dr.G. Baffou, who

is leading this project in the PNO group, has recently constructed a microscope that

can map temperature and heat source density on the nanoscale [2]. This microscope is

based on measuring fluorescence polarization anisotropy. The fluorescence is measured

on an avalanche photodiode, and therefore the user has to scan over the sample to

obtain a thermal image (there are three scanning parameters available, and hence is

called Three Scan Setup (TSS)). In my work I have built a microscope that can image

the temperature around heated plasmonic structures. The main innovation in my work

is that, in the presented setup, the sample does not have to be scanned. This is possible

thanks to the usage of an Electron Multiplying Charge Coupled Device (EMCCD). This

drastically cuts down the acquisition time for each image and allows to record a live

thermal video. This feature is important for thermal imaging of dynamical systems that

evolve in time, such as biological systems, microfluidic systems and others.

The technique of the temperature measurement is based on the TSS, and relies on

the strong connection between Brownian motion and temperature. By measuring

the rotational Brownian motion of a fluorescent molecule, via fluorescence anisotropy

measurement, we get information about the local temperature. The fluorescence

polarization anisotropy (FPA) of a fluorescent dye is a physical property which is directly

related to rotational diffusion induced by Brownian motion, and thus constitutes a tool

which enables us to measure and image local temperature. In practice this dictates that

we need to immerse the heated structures in a medium with fluorescent molecules. We

excite the fluorescent molecules and calculate the FPA of these molecules, from which

the local temperature is deduced. The physics of anisotropy is well known and can be

found in text books. Traditionally, FPA is a known tool to investigate micro viscosity of

fluids and molecular orientation [6]. Here this approach is taken one step forward and

can then use the FPA to measure temperature.
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2. Theory

2.1. Surface Plasmons

A plasmon is the collective oscillation of the electron gas in a metal or a semiconductor.

Optical waves can couple to these electron oscillations. Depending on the geometry of

the metal structure two types of plasmons can be distinguished:

(i) SPP: a propagating surface wave at an extended flat metal dielectric interface.

(ii) LSP: charge density oscillations confined to metallic nano particles or nano

structures.

The LSP is more relevant to this work and so will be explained in more detail. To

get an LSP, typically metal nanoparticles of the order of 5 to 100 nm are used. These

behave as electronic cavities featuring well defined resonances. The plasmon resonance

of a structure is highly dependent on its geometry, giving us the ability to tune its

resonance; For instance, while spherical gold nanoparticles feature a resonance in the

green region of the spectrum, asymmetric nanoparticles like nanorods make it possible

to shift the resonance to the near-infrared range. Usually, in Plasmonics, gold, silver

and copper are used due to the fact that these metals plasmon resonances lie near the

visible spectrum, and so conventional optics and light sources can be used.

A plasmon resonance results into a pronounced oscillation of the electrons of the

nanoparticle when it is shined on, at the resonant frequency. This pronounced electronic

oscillation has two effects: first, The nanoparticle becomes an efficient light scattering

source, behaving as a re-emitting oscillating dipole. And second, The nanoparticle

delivers heat due to internal Joule effect [3]. Traditionally most research in the field

of plasmonics has been conducted on the first effect, however this microscope allows to

focus on the latter, with the aim of using plasmonic particles as nano sources of heat.

2.2. Anisotropy

Our method of measuring temperature is based on measuring the FPA of fluorescent

molecules surrounding a heated metal structure. To this end we excite the sample with

linearly polarized light. The underlying physics of this measurement is well known [1].

Anisotropy is defined as follows:

r =
I‖ − I⊥
I‖ + 2 I⊥

(1)

where I‖ is the intensity of the parallel polarized light and I⊥ is the intensity of

the perpendicular polarized light. In a situation where the fluorescent molecules are

randomly orientated and in the absence of any motion it can be shown that the

anisotropy reaches a maximum level of 0.4. The anisotropy is closely related to Brownian

motion via Perrin’s equation which reads:

1

r
=

1

r0
(1 +

τF
τR

) (2)



Temperature Imaging around Plasmonic Structures 4

where r is the anisotropy, r0 is the fundamental anisotropy (and is equal to 0.4), τF is

the fluorescence life time and τR is the rotational correlation time. From this equation

it is evident that when we have stronger Brownian motion and thus larger values of τR
we will get a lower value of the anisotropy, r. There is an inverse relationship between

τR and the temperature, T , via the Stokes-Einstein relation:

τR =
V η(T )

kBT
(3)

where η the dynamic viscosity of the medium, V the hydrodynamic molecular volume

and kB the Boltzmann constant.

The key point of this method is that as the temperature goes up the anisotropy goes

down, and thus can serve as a reliable, easily accessible expression to derive local

temperature. Also, by changing different parameters of the medium, such as viscosity, we

can obtain different rotational times and then get higher resolution of the measurement.

3. CCD workstation

3.1. Set-up design

The novelty and specific demands of this thermal microscope dictated that the

microscope would have to be home built. There was no system on the market that

answered all our needs and furthermore, a home built microscope would allow more

flexibility for changes in the future. The basic guidelines while building the microscope

were to have high resolution and signal to noise ratio (SNR) with a fast acquisition

rate. Because the microscope was home built we needed to design and build various

custom made parts at a mechanical work shop, and for the design of these parts Solid

Edge software was used. The system is built on an optical table and uses a vertical

optical bread board to access the z dimension. Blue polarized light (473 nm) is focused

at the back focal plane of an objective, to get a collimated beam after the objective.

This beam illuminates the sample and the fluorescent molecules which are surrounding

the structure. The emitted fluorescence is collected through the same objective. To

obtain a temperature map, the anisotropy of the fluorescent molecules is calculated.

To do this the two polarization components of the fluorescence are separated, with a

polarization beam splitter, and projected onto two areas of a CCD chip. The anisotropy

is calculated as in Equation (1) with these two areas of the CCD. A red laser beam (808

nm) is focused on the sample through another objective from the top. The red laser is

used to heat the plasmonic structures. The scheme and image of the setup can be seen

in figure 1.

As the anisotropy needed to be calculated separately for each pixel it was decided

to use Matlab for the processing and CCD control. Matlab is a matrix based language,

this rendered the pixel wise calculation trivial, and the calculation speed optimal.
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(a) set up design

(b) setup image

(c) sketch

Figure 1: a) The 3D design of the setup. b) The photograph image of the setup in its

current configuration. c) A sketch of the main parts of the set up, where we can see

how the polarization is split and projected onto two areas of the CCD.

3.2. Performance characterization

After building the setup and demonstrating first proof of concept, it was important to

understand under which operational circumstances of the CCD we would get the best

SNR and lowest noise. For this we tested the main different noise sources and resolution:

(i) Dark Noise:

It is clear that the shorter the exposure time the less dark noise we will get, as

can be seen in the SNR results from dark noise measurements in figure 2a. From

this graph we can deduce that its preferable to work under the 1 second range. A

numerical value of the dark noise was calculated, which is equal to the slope of the

counts versus time, and we got: Ndark = 1.16[ e
s·px ]

After 100 seconds the contribution of the dark noise is around 50 counts. We should

remember that for any measurement with above 2500 (which is typically the case)

we get shot noise of 50, and so the dark noise seems less crucial.
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(ii) Readout noise:

To calculate the read out noise, we took an image with a very short exposure time

and at low temperature, so that the dark noise would be negligible, and with no

gain, so as not to induce gain related noise. From this measurement we calculated

the read out noise and got: 30.0[ e
pixel

] (which was very close to the manufacturer’s

specifications). This noise can be almost neglected when we use high gain values.

(iii) Photon shot noise:

Shot noise is taken to be
√
N where N is the photon count (as in a general Poisonian

process). So from this we know that we would like to work at highest possible

signal levels (without causing damage to the sample from high power of fluorescent

blue laser). In figure 2b we can see the results of the SNR when we increase the

fluorescent signal by increasing the blue laser’s power. As expected, from a certain

power, we see a linear dependence of the SNR with the laser power. This is due to

the fact that the main noise source is shot noise which scales as
√
N , because we

are looking at a log scale this dependence becomes linear.

(iv) Resolution:

We are imaging with visible light and so we can use the Abbe diffraction limit

equation to obtain our best theoretical resolution limit: In our system we use an

infinite conjugated objective. We have various options but usually work with a 40×
1.0 NA objective. And with this configuration it is beneficial to add a 2 lens system

which adds another 3×, so finally on the CCD we get the image at 120× of its size.

Each pixel of the CCD is 8[µm]. We are imaging with visible light and so we can

use the Abbe diffraction limit equation to obtain our best theoretical resolution

limit:

∆X ∼= 0.6
λ

NA
= 0.3[µm]

which will translate through the magnification to: 36[µm] This will span over at

least three pixels, and so we will be well within the Niquist sampling frequency.

3.3. Temperature measurement

As previously stated, we need to have fluorescent molecules around the heated structures

in order to measure the temperature. We put the florophores in a glycerol environment

because its viscosity is highly dependent on temperature and can vary by one order of

magnitude over the temperature range 20-50 [◦c] . We do this to gain a higher variation

of the anisotropy in this temperature range, and consequently, a higher temperature

resolution, which can get up to about 0.1 [◦c]. The fluorescent molecules we are using

are fluorescein (C = 1.4 · 10−4M), which are characterized by a high photo-stability and

quantum efficiency, with a fluorescent life time of 4 [ns]. In glycerol the rotational time

of a fluorescein molecule is 150 [ns]. To obtain a higher variance of the FPA we needed

to have the rotational time similar to the fluorescence life time of a fluorescein molecule.

To this end we created a mixture of glycerol and water at the ratio of 4:1 to reduce
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Figure 2: Results of SNR as a function of different controllable parameters. a) SNR

vs. time. b) SNR vs. blue laser power. The blue laser induces fluorescence and is

proportional to the fluorescent signal intensity.

the viscosity of the glycerol mixture from: 1400 [mPa · s] to 60 [mPa ·s ], which gave a

rotational correlation time of 6 [ns]. As previously explained we derive the temperature

directly from measuring the anisotropy of the fluorescein molecules. In order to do this

we use a calibration curve as in Figure 3. .

0.20

0.05

80706050403020

Temperature [c]

r

FPA Temperature calibration curve 

Figure 3: Temperature to FPA theoretical calibration curve. The solid line is calculated

with a theoretical model, and the crosses are experimental results.

The solid red curve in Figure 3 was calculated using Equation (2) and (3) and a

theoretical model calculated by Cheng [5]. To obtain the curve we put in values of

variables relevant to the system (namely, using Fluorescein in a glycerol:water mixture

with the ratio of 4:1). This curve was verified experimentally (by G. Baffou [1]), and

the results are presented in Figure 3 as blue crosses. In order to quickly calculate

the temperature when given an FPA value we fitted the curve with a second degree
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polynomial. The polynomial that was obtained is the following:

T = P1 · r2 + P2 · r + P3

P1 = −4.6 · 10−5, P2 = 7.6 · 10−3, P3 = 0.356

With this polynomial we obtained the temperature map from the FPA

measurement.

In the calculation of the anisotropy, we needed to compensate the power of the

different polarizations due to the fact that the system has different transmission and

detection efficiencies at different polarizations for each pixel. We did this by introducing

a factor, G; it was calculated with the following formula as done by Benninger [4]:

G =

√
(I‖‖ −B)(I⊥‖ −B)

(I‖⊥ −B)(I⊥⊥ −B)
(4)

where the first subscript represents the polarization of the excitation and the second

subscript the polarization of the emission. In addition we took a background correction

by subtracting the background B. After taking this element into account we calculated

the anisotropy with the following corrected formula:

r =
(I‖ −B)−G(I⊥ −B

(I‖ −B) + 2G( I⊥ −B)
(5)

To illustrate the temperature measurement process we will present heating results from

two different structures. Both are lithographic samples made by combining e-beam

lithography with gold evaporation. The first being a large gold structure, in the shape

of a number (characteristic length of 10 [µm] ), and the second, an array of much smaller

plasmonic dimers, constructed of two adjacent particles separated by a nano gap. In

this case the structures support plasmonic resonance, and at their resonance serve as

more efficient heat sources. In both cases we illuminated a large area with an 808 [nm]

laser diode of about 20 [µm]. In Figure 4 we first show an image of the structures, then

present the collected fluorescence on the two separate areas of the EMCCD, after which

we show the anisotropy calculations both for heating and for no heating, and finally the

calculated temperature map of the structures while being heated. Results are gathered

and displayed in figure 4.

In the anisotropy map in which we are not heating we should see a completely

uniform image; however this is clearly not the case. The main reason being that the

two fluorescent images are shifted with regard to the other by an angle. This issue is

currently being worked on and is discussed in the next section. This is also the reason we

can see the whole number and the adjacent array in the temperature map even though

they aren’t necessarily being heated.

4. Conclusions and outlook

A new technique for measuring temperature has been implemented and shown to work.

The technique is based on anisotropy measurement which is reliable, fast and robust.
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Figure 4: In top row we can see results of heating of a lithographic sample of gold in

the shape of a number. a) an image taken with a normal imaging CCD, with a size bar

of 5 µm. with a red circle indicating the area of the red laser. b) anisotropy maps for

no heating and c) heating, d) a corresponding temperature map of the structure. In the

bottom row we can see the same sequence but for an array of plasmonic structures.

Specifically it is not affected by photobleaching or fluctuations in laser power due to

the fact that the anisotropy is a function of a ratio of two quantities, and thus absolute

power of fluorescence is canceled out. Due to the fast acquisition time this method can

be used to track temperature changes of systems with high temporal resolution, and

obtain live thermal videos of various processes. The main advantage of this system is its

ability to image dynamic systems, and therefore it is specifically fit to work on biological

thermal applications, Nanofluidics and other fields with inherent dynamic character.

Although the system has proven to work, there are still some issues that need to be

improved. The first is that there is non uniform anisotropy even when not heating; this

is probably due to an angular offset of the two different polarized images. This issue

should be corrected either by introducing an element into the setup that allows control

over the angular orientation of the polarized images, or by simply improving alignment.
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This system could serve as a valuable tool for many different areas of research. After

some improvements, there are already some interesting planned experiments. Firstly,

in the PNO group there is ongoing research regarding the internalization of nanorods

in live cells. Efforts have been made to image the internalized nanorods by using two

photon luminescence of the nano particles. By heating these nanorods, once internalized,

different processes in the cell could be controlled, and specifically the heating and

killing of the cell. This could potentially serve as a potent tool to kill cancer cells. In

preparation for future work, I have learnt how to grow and work with live cells. With this

microscope the temperature of the nanorods could be monitored and controlled. Another

planned experiment would be to control fluid flow by heating plasmonic structures. Of

course it will be crucial to know the temperature gradients of the plasmonic structures in

order to predict and control the fluid movement, and this will be done with the thermal

imaging microscope.
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